Latex is the cytoplasm of highly specialized cells known as laticifers. 1) When laticifers are wounded, latex flows from the wound site. Kush et al. showed that genes encoding plant defense-related proteins are present in 10-50 fold higher expression in laticifers than in leaves in the rubber tree (Hevea brasiliensis).
2) Hevein, a chitin-binding peptide produced in H. brasiliensis laticifers, exhibits antifungal activity.
3) Given these facts, latex might serve a defensive role in plants. Papaya (Carica papaya) and rubber trees make latex and produce a large amount of chitinases in it. [4] [5] [6] Considering that several plant chitinases exhibit antifungal activity in vivo and/or in vitro, [7] [8] [9] [10] chitinases in latex appear to play an important role in defense against fungal pathogens, but there is little information on the antifungal activity of chitinases in latex. We screened various tropical plants that produce latex for chitinase activity. It was detected in the latex of several plants belonging to genus Ficus. Gazyumaru (Ficus microcarpa), a woody flowering plant distributed in subtropical/tropical regions in Asia, showed the highest activity of all samples assayed. Moreover, gazyumaru latex exhibited strong antifungal activity. To address the roles of latex in plant self-defense, antifungal chitinases were prepared from gazyumaru latex. In this paper, we report the biochemical characterization and antifungal activity of three chitinases from the latex of gazyumaru.
One of the physiological roles of plant chitinases is to protect plants against fungal pathogens by degrading chitin, a major component of the cell walls of many fungi, 9, 10) but researchers poorly understand what characteristics of chitinases have high antifungal activity. These enzymes have been grouped into different classes on the basis of their amino acid sequences: class I chitinases, consisting of an N-terminal chitin-binding domain and a catalytic domain linked by a flexible hinge region; class II chitinases, having a catalytic domain homologous to that of class I chitinases but lacking the chitin-binding domain and hinge; and class III chitinases, sharing no homology with class I or class II chitinases. 11, 12) Even in the same class, there are various isoforms that have low homology, a deletion(s), and/or a different isoelectric point. 13) In several types of plant chitinases, class I chitinase is of interest due to the role of the chitin-binding domain in antifungal activity. The roles of the chitin-binding domain should be clarified by comparing class I and class II chitinases if the structures of the catalytic domain are almost the same.
Our previous studies using antifungal rye seed chitinases showed that the antifungal activity of basic class I chitinase was resistant to high ionic strength, whereas that of basic class II chitinase was not. 14) These findings suggest that there is a contribution of the chitiny To whom correspondence should be addressed. Fax: +81-98-895-8802; E-mail: tokey@agr.u-ryukyu.ac.jp Abbreviations: GLx Chi, gazyumaru latex chitinase; PAGE, polyacrylamide gel electrophoresis; CBB, Coomassie brilliant blue; PDA, potato dextrose broth with agar binding domain in the antifungal action of class I chitinase. In this study, to clarify the role of the chitinbinding domain of class I chitinase, we examined the effects of ionic strength against the antifungal activities of basic class I and class II chitinases derived from gazyumaru latex, as well as the effects against the binding activities of these chitinases to a chitin or the fungal cell walls. Our results indicate that both the antifungal activity and the chitin-binding activity of class I chitinases were reinforced by increasing ionic strength. These results suggest that the chitin-binding domain of class I chitinase can bind to a chitin in fungal cell walls by hydrophobic interaction and that it assists the antifungal action of the enzyme.
Materials and Methods
Materials. Latex was collected by tapping trunks or branches of a gazyumaru (Ficus microcarpa) tree on the campus of Ryukyu University. Chitin was purchased from Seikagaku. All other reagents were of analytical grade.
Preparation of crude chitinase from latex. Latex from F. microcarpa was fractionated by ultracentrifugation at 50,000 g for 1 h into a top layer of polymerized rubber particles, a cleared cytoplasm or cytosol, and a large pellet or bottom fraction. Since in preliminary studies almost all chitinase activity was detected in the cleared cytoplasmic or cytosolic fraction, it was collected as crude chitinase and used for subsequent experiments.
Protein measurement. Protein concentration was measured by the bicinchoninic acid method, 15) using bovine serum albumin as the standard.
Assay of chitinase activity. Chitinase activity was assayed colorimetrically using glycolchitin or chitin beads. Ten ml of the sample solution was added to 250 ml of 0.2% (w/v) glycolchitin or 1% (w/v) chitin beads in 0.1 M buffer. After incubation at 37 C for 15 min, the reducing power of the reaction mixture was measured using ferri-ferrocyanide reagent by the method of Imoto and Yagishita.
16) The chitinase activity of each fraction in the chromatography was expressed by the absorbance of the reaction mixture at 420 nm (ÁA420). One unit of enzyme activity was defined as the amount of enzyme releasing 1 mmol of GlcNAc per min at 37 C.
Purification of gazyumaru latex chitinases. All procedures were done in a cold room. Absorbance was measured at 280 nm to monitor the proteins, and chitinase activity was measured at pH 8 during chromatographic separation.
(i) Chitin affinity column chromatography. 20 ml of crude chitinase was mixed with 180 ml of 10 mM sodium phosphate buffer, pH 7.0, and the mixture was put on a chitin column (3:0 Â 30 cm) previously equilibrated with the same buffer. After washing out the unadsorbed protein with the same buffer, the adsorbed proteins were eluted with 1 M NaCl in the same buffer. Then proteins still adsorbed were eluted with 0.1 M acetic acid. Chitinase-activity rich fractions were obtained in a 1 M NaCl eluted fraction (A) and a 0.1 M acetic acid eluted fraction (B), and an active fraction was also obtained in an unadsorbed fraction (C) (Fig. 1, bars with A, B, and C).
(ii) Purification of gazyumaru latex chitinase (GLx Chi)-A. The chitinase in fraction A was saturated with ammonium sulfate, and the precipitate was collected. The precipitated proteins were dissolved in 20 mM TrisHCl buffer, pH 7.5, containing 1.5 M ammonium sulfate, and put on a Butyl-Toyopearl 650M (Tosoh) column (1 Â 14 cm) equilibrated with the same buffer. The column was washed with the same buffer, and the adsorbed proteins were eluted by a linear gradient of ammonium sulfate from 1.5 to 0 M in 20 mM Tris-HCl buffer, pH 7.5. The fractions containing chitinase activity were pooled and dialyzed against 10 mM sodium acetate buffer, pH 5.0. The dialysate was put on a QSepharose HP (Pharmacia) column (0:5 Â 5 cm) equilibrated with the dialysis buffer. The column was washed with the same buffer, and adsorbed proteins were eluted by linear gradient of NaCl from 0 to 0.2 M in the same buffer. The active fraction was collected as gazyumaru latex chitinase (GLx Chi)-A.
(iii) Purification of GLx Chi-B. The chitinases in fraction B were dialyzed against 10 mM sodium phosphate buffer, pH 7.0, and then put on a SP-Sepharose HP (Pharmacia) column (0:5 Â 5 cm) previously equilibrated with the same buffer. The adsorbed proteins were eluted with a linear gradient of NaCl from 0 to 0.2 M in the same buffer. Four peaks that had chitinase activity Crude chitinase from gazyumaru latex was mixed with 10-fold 10 mM sodium phosphate buffer, pH 7.0, and the mixture was put on a chitin-affinity column (3:0 Â 30 cm) previously equilibrated with the same buffer. After the non-adsorbed proteins were washed out with the same buffer, the adsorbed proteins were eluted with 1 M NaCl in the same buffer. Then the still adsorbed proteins were eluted with 0.1 M acetic acid.
were obtained, and the most abundant peak was collected as GLx Chi-B.
(iv) Purification of GLx Chi-C. The chitinases in the chitin non-adsorbed fraction were saturated with ammonium sulfate and the precipitate was collected. The precipitated proteins were dissolved in 10 mM sodium phosphate buffer, pH 7.0, and put on a Sephadex G-75 (Pharmacia) column (2 Â 140 cm) previously washed with the same buffer, and developed with the same buffer. The fractions containing chitinase activity were pooled and put on a SP-Sepharose HP column (0:5 Â 5 cm) equilibrated with 10 mM sodium phosphate buffer, pH 7.0. The column was washed with the same buffer, and adsorbed proteins were eluted by linear gradient of NaCl from 0 to 0.2 M in the same buffer. Eight peaks that had chitinase activity were obtained, and a relatively abundant peak was collected as GLx Chi-C.
Finally, 2 mg of GLx Chi-A, 19 mg of GLx Chi-B, and 0.6 mg of GLx Chi-C were obtained from 20 ml of the crude chitinase derived from 40 ml of gazyumaru latex (data not shown).
Electrophoresis. SDS-polyacrylamide gel electrophoresis (PAGE) was done by the method of Laemmli 17) using a 15% acrylamide gel. Proteins on the gel were stained with Coomassie brilliant blue R-250. Carbohydrates on the gel were detected using periodic acid Schiff staining (PAS staining).
18) The molecular mass was measured by SDS-PAGE in the presence of 2-mercaptoethanl using a MW-marker Kit (Apro Science).
The isoelectric point of chitinase was measured using electrofocusing on a 5% polyacrylamide gel slab containing a 2% carrier ampholyte of pH 3.5-10.0 (Sigma), as described by Vesterberg. 19) Proteins on the gel were stained with Coomassie brilliant blue R-250. The isoelectric point was determined using an IEFmarker Kit (Sigma).
N-terminal amino acid sequence analysis. N-terminal amino acid sequence analysis was done by Edman degradation with a protein sequencer (Applied Biosystems, Model 473A).
Effects of pH and temperature on activity and stability. The optimum pH of the chitinases was measured after incubation with glycolchitin in the buffer at various pHs (1-12) at 37 C for 15 min. The pHs and thermal stabilities of the enzymes were measured from residual activities after incubation in the buffer at various pHs at 37 C for 24 h, and in 0.1 M sodium phosphate buffer, pH 7.0, at various temperatures for 1 h, respectively. The residual activities of GLx Chi-A, -B, and -C were measured at pH 2.0, 7.0, and 7.0 respectively. The buffers used were: 0.1 M HCl (pH 1), glycine-HCl buffer (pH 2-3), sodium acetate buffer (pH 4-5), sodium phosphate buffer (pH 6-7), Tris-HCl buffer (pH 8-9), and glycine-NaOH buffer (pH 10-13).
HPLC analysis of the hydrolysis products of (GlcNAc) n by chitinases. The hydrolysis products of (GlcNAc) n by chitinases were analyzed by HPLC on a Tosoh TSK-Gel amide-80 column (0:46 Â 25 cm) using the method of Koga et al. 20) The reaction mixture, consisting of 20 pmol of chitinase and 10 nmol of (GlcNAc) n in 100 ml of 4 mM buffer after incubation for 30 min at 25 C, was immediately cooled in an ice bath, and a 5 ml potion was applied onto the column. Elution of the hydrolysis products was done with 70% acetonitrile at a flow rate of 0.7 ml/min.
Antifungal assay.
14) An agar disk (6 mm in diameter) with the fungus Trichoderma viride, which was derived from the fungus in an actively growing state previously cultured on a potato dextrose broth with 1.5% (w/v) agar (PDA), was placed in the center of a Petri dish containing PDA. In the assay to examine the effects of ionic strength, the PDA plates contained 0, 0.05, 0.1, or 0.15 M NaCl at final concentration. The plates were incubated at room temperature for 12 h. Wells were subsequently punched into the agar at a distance of 15 mm from the center of the Petri dish. The samples to be tested were placed into the wells in 10 ml of sterile water. The plates were incubated for 24 h at room temperature and then photographed.
Cell-wall column chromatography. T. viride was cultured as previously described, 14) and the cell-wall fraction was prepared from these mycelia as described by Fukamizo et al. 21) Cell-wall column chromatography of GLx Chi-B and -C was done at pH 6.0 as described as Taira et al. 14) After dialysis against 10 mM sodium phosphate buffer, pH 6.0, the protein was put on a cellwall column (0:7 Â 2:5 cm) previously equilibrated with the same buffer. The protein was eluted by a linear gradient of NaCl from 0 to 0.4 M in the same buffer at a flow rate of 0.5 ml/min.
Chitin-binding assay. Commercial chitin (Seikagaku) derived from crab shell was washed with 1 M HCl, 1 M NaOH, and 1 M NaCl, and packed with a column (0:7 Â 2:5 cm). Twenty mg of GLx Chi-B was put on a chitin column equilibrated with the binding buffer, consisting of 10 mM sodium phosphate buffer (pH 6.0) with 0, 50, 75, or 100 mM NaCl. Elution was carried out with a linear gradient of acetic acid from 0 to 0.2 M, containing the same concentration of NaCl as the binding buffer, at a flow rate of 0.5 ml/min.
Results

Physico-chemical properties of purified gazyumaru latex chitinases
By SDS-PAGE in the presence of 2-mercaptoethanol, the molecular masses of purified GLx Chi-A, -B, and -C were found to be 33, 32, and 27 kDa respectively (Fig. 2) . GLx Chi-A was also detected by PAS staining (data not shown). The isoelectric points of GLx Chi-A, -B, and -C were 4.0, 9.3, and >10 respectively (data not shown).
N-terminal amino acid sequences of gazyumaru latex chitinases
The N-terminal sequences of GLx Chi-A, -B, and -C, which were reduced and S-pyridylethylated, were analyzed up to the 20th position with a protein sequencer. The N-terminal sequences of gazyumaru latex chitinases are shown in Fig. 3 in comparison with those of other plant chitinases and hevein, a chitinbinding peptide derived from the rubber tree. Of the 20 amino acid residues, 16 residues were common to GLx Chi-A and Hevamine, a class III chitinase derived from the rubber tree (Fig. 3, top) . Of the 20 amino acid residues, 14 residues were common to GLx Chi-B, rye seed class I chitinase, and hevein (Fig. 3, middle) . Of the 20 amino acid residues, 15 residues were common to GLx Chi-C and papaya latex class II chitinase (Fig. 3,  bottom) . These results suggest that GLx Chi-A, B, and -C are to be classified into plant classes III, I, and II chitinase respectively.
Effect of pH and temperature on chitinase activity
The effects of pH on chitinase activity in gazyumaru latex chitinases were examined using glycolchitin as substrate. As shown in Fig. 4A , the optimum pH for GLx Chi-A was 2 and that for GLx Chi-B and -C was 7. As shown in Fig. 4B , GLx Chi-A was stable between pH 5 and pH 12, but unstable below pH 4 and above pH 13. GLx Chi-B and -C were stable between pH 3 and 10, but unstable below pH 2 and above pH 11.
As shown in Fig. 4C , the optimum temperature for GLx Chi-A was 60 C, and that for GLx Chi-B and -C was 50-60 C. As shown in Fig. 4D , GLx Chi-A was stable to 80 C and unstable above 90 C, while GLx Chi-B and -C were stable to 50 C and unstable above Identical residues are shown in white with a black background. a, plant class III chitinase from rubber tree latex; 22) b, class I chitinase from rye seed; 23) c, chitin-binding peptide from rubber tree latex; 24) d, plant class II chitinase from papaya latex. 
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C. At various pHs and temperatures, the characteristics of GLx Chi-B and -C were very similar, but very different from those of GLx Chi-A.
Action of gazyumaru latex chitinases on (GlcNAc) n
The cleavage patterns of (GlcNAc) n by gazyumaru latex chitinases and the anomeric form of the products were determined by the method of Koga et al. 20) ( Fig. 5) . In the case of GLx Chi-A (Fig. 5A) , the major hydrolysis products from (GlcNAc) 6 and (GlcNAc) 5 were (GlcNAc) 4 , (GlcNAc) 2 , and (GlcNAc), and that from (GlcNAc) 4 was (GlcNAc) 2 . Under this condition, (GlcNAc) 2{3 were not degraded by GLx Chi-A (data not shown). Since the newly created reducing end of the products was largely (e.g., (GlcNAc) 4 in Fig. 5A -VI and V), it appears that GLx Chi-A is a retaining enzyme. The amounts and = anomer ratio of the products indicated that GLx Chi-A mainly hydrolyzed the fourth linkage and rarely the second linkage from the nonreducing end-side of the substrate. In the case of GLx Chi-B (Fig. 5B) , the major hydrolysis products from (GlcNAc) 6 were (GlcNAc) 4 , (GlcNAc) 3 , and (GlcNAc) 2 , and those from (GlcNAc) 5 were (GlcNAc) 3 and (GlcNAc) 2 . GLx Chi-B hydrolyzed (GlcNAc) 4 to (GlcNAc) 2 . Under this condition, (GlcNAc) 2{3 were not degraded by GLx Chi-B (data not shown). Since the newly created reducing end of the products was largely , it appears that GLx Chi-B are inverting enzymes. The amounts and = anomer ratio of the products indicated that GLx Chi-B hydrolyzed the second and third linkages from the reducing or non-reducing end-side of the substrate. The results in the case of GLx Chi-C was the same as those for GLx Chi-B (data not shown).
Effect of ionic strength on antifungal activity of gazyumaru latex chitinases
To investigate the effect of ionic strength on the antifungal activity of gazyumaru latex chitinases, we observed inhibition of hyphal extension of T. viride by these chitinases in the case of the addition of NaCl to a culture medium as well as in the case of no addition of NaCl. In the case of no addition of NaCl to a culture medium, GLx Chi-B and -C strongly inhibited hyphal extension, but GLx Chi-A did not (Fig. 6, top panel) . The antifungal activity of GLx Chi-C became weaker with increasing concentrations of NaCl, as opposed to that of GLx Chi-B, which became slightly stronger (compare Fig. 6, top one with the others) . The results at high ionic strength suggest that there is a contribution of the chitin-binding domain to the antifungal activity of GLx Chi-B.
Effect of ionic strength on binding activity of gazyumaru latex chitinase to the fungal cell walls and a chitin
To investigate the effect of ionic strength against the binding activity of GLx Chi-B and -C to the cell walls of T. viride, chromatography using a column packed with cell walls prepared from its mycelium was devised. The chromatographies were started at pH 6 and a low ionic strength condition (10 mM sodium phosphate buffer without NaCl). Under this condition, GLx Chi-B and -C were adsorbed to the column. GLx Chi-C was eluted with increasing concentrations of NaCl, while GLx Chi-B was not eluted with over 0.4 M NaCl (Fig. 7A) . These results suggest that GLx Chi-C bound to the fungal cell walls by mainly ionic interactions and that GLx Chi-B might bind to them by hydrophobic interaction through the chitin-binding domain as well as by ionic interactions through the catalytic domain. These results appear correlate with those for antifungal activity.
Next, to examine the effect of ionic strength against the binding ability of GLx Chi-B to chitin, we did a modified chitin-binding assay using a chitin column (Fig. 7B) . This assay showed a continuous dissociation of protein from the chitin. In the case of using a running solution (binding buffer and eluent) without NaCl, GLx Chi-B was rapidly eluted with low amounts of acid (below 0.1 M acetic acid) (Fig. 7B, continuous line) . As the concentration of NaCl in the running buffer was higher, these elution times were more delayed (Fig. 7B,  discontinuous lines) . In addition, the increasing concentrations of NaCl in the running buffers caused tailings in these peaks. These observations indicate that dissociation of GLx Chi-B from the chitin was inhibited by increasing ionic strength; in other words, the binding activity of GLx Chi-B was enhanced by increasing ionic strength.
Discussion
In laticifer of the papaya, rubber tree, and fig tree, synthesis of defense-related proteins is induced by wounding and/or phytohormones such as ethylene and salicylic acid. [24] [25] [26] In the case of gazyumaru, the latex contains about 15 mM of antifungal chitinases, and nonconcentrated cytoplasmic or cytosolic solution exhibits antifungal activity in vitro assay. These chitinases inhibited hyphal extension of several fungal pathogens, Fusarium oxysporum, F. solani, and Rhizoctonia solani, as well as T. viride (data not shown). In the gazyumaru tree, no chitinase activity was detected in other tissues, such as the leaf, fruit, or aerial root (data not shown). These findings suggest that one of the possible roles of latex is to protect the plant against fungal pathogens, and chitinases play an important role in this.
Three types of chitinase, designated GLx Chi-A, -B, and -C, were purified to homogeneity from the latex of gazyumaru. Several characteristics of GLx Chi-A were very different from those of GLx Chi-B and -C. GLx Chi-A is an acidic class III chitinase having a pI of 4.0 and an optimum pH of 2, containing carbohydrates, and having no antifungal activity. Hevamine, a class III chitinase derived from the latex of H. brasiliensis, has a pI of 9.5 and an optimum pH of 4, and both antifungal activity and lysozyme activity. 6) GLx Chi-A did not exhibit lysozyme activity (data not shown). The characteristics of GLx Chi-A were very different from those of hevamine, despite being the same class chitinases in plant latex. Since the characteristics of GLx Chi-A are unique, it would be interesting to know its function in latex. The cleavage pattern of chitin oligomer by GLx Chi-A is different from those by GLx Chi-B or -C. GLx Chi-A might indirectly affect the invasion of pathogens, as by producing an elicitor, or it may have other functions. 27) Chitinase is considered to protect plants against fungal pathogens by degrading the chitin of the cell walls of many fungi. Researchers have been interested in the role of the chitin-binding domain in the antifungal activity of class I chitinase. To have antifungal activity, first, a chitinase must bind to fungal cell walls, and second, it must degrade the chitin in it. Plant class I chitinase has at least two binding parts, the N-terminal chitin-binding domain and the catalytic domain, while class II has only one, in the catalytic domain. Our previous work using rye seed chitinases suggests that basic class I chitinase binds to the fungal cell walls by ionic interaction of the catalytic domain and by hydrophobic interaction of the chitin-binding domain. On the other hand, basic class II chitinase binds to cell walls mainly by ionic interaction by itself.
14) The binding target of the chitin-binding domain by hydrophobic interaction should be a chitin in the fungal cell walls. The antifungal activity of rye seed class I chitinase mutant W23A (Trp23 to Ala in the chitin-binding domain), which is impaired in chitin-binding activity, was weaken with increasing salt concentrations in the culture medium. 28) In the case of Bacillus circulans chitinase A1, replacement of Trp687 (in the chitinbinding domain) with phenylalanine significantly reduced chitin-binding activity at lower salt concentrations but allowed strong binding to chitin at high salt concentrations. 29) These findings indicate that the chitinbinding domain binds to a chitin by hydrophobic interaction through hydrophobic amino acid residues, since tryptophan is the most hydrophobic amino acid and high salt concentrations should increase hydrophobic interaction.
In this study, to clarify the role of the chitin-binding domain of class I chitinases in antifungal activity, we used two antifungal chitinases, GLx Chi-B (basic class I) and -C (basic class II). Considering that the biochemical characteristics of GLx Chi-B and -C are almost the same, a major difference between GLx Chi-B and -C in their structures is the existence of a chitinbinding domain. GLx Chi-C showed antifungal activity to a similar extent with GLx Chi-B at low ionic strength, but the antifungal activity of GLx Chi-C became weaker with increasing ionic strength, as opposed to that of GLx Chi-B which became slightly stronger (Fig. 6 ). Both GLx Chi-B and -C were adsorbed to the fungal cell walls under the low ionic strength condition. GLx Chi-C was eluted from them with increasing ionic strength, while GLx Chi-B was still adsorbed to them (Fig. 7) . These results support our previous suggestion, since an escalation of ionic strength would decrease ionic interaction and increase hydrophobic interaction. The binding activity of GLx Chi-B to a chitin was enhanced by increasing ionic strength. In summary, our results indicate that the antifungal activity and chitin-binding activity of class I chitinases is reinforced with increasing ionic strength. These findings suggest that the chitinbinding domain of basic class I chitinase can bind to chitin in the fungal cell walls by hydrophobic interaction and that it assists the antifungal action of the enzyme.
